Interactions between nicotinic excitatory postsynaptic potentials (EPSPs) critically determine whether paravertebral sympathetic ganglia behave as simple synaptic relays or as integrative centers that amplify preganglionic activity. Synaptic connectivity in this system is characterized by an n + 1 pattern of convergence, where each ganglion cell receives one very strong primary input and a variable number (n) of weak secondary inputs that are subthreshold in strength. To test whether pairs of secondary nicotinic EPSPs can summate to fire action potentials (APs) and thus mediate ganglionic gain in the rat superior cervical ganglion, we recorded intracellularly at 34°C and used graded presynaptic stimulation to isolate individual secondary synapses. Weak EPSPs in 40 of 53 neurons had amplitudes of 0.5-7 mV (mean 3.5 ± 0.3 mV). EPSPs evoked by paired pulse stimulation were either depressing (n = 10), facilitating (n = 9), or borderline (n = 10). In 15 of 29 cells, pairs of weak secondary EPSPs initiated spikes when elicited within a temporal window <20 ms, irrespective of EPSP amplitude or paired pulse response type. In six other neurons, we observed novel secondary EPSPs that were strong enough to straddle spike threshold without summation. At stimulus rates <1 Hz straddling EPSPs appeared suprathreshold in strength. However, their limited ability to drive firing could be blocked by the afterhyperpolarization following an AP. When viewed in a computational context, these findings support the concept that weak and straddling secondary nicotinic synapses enable mammalian sympathetic ganglia to behave as use-dependent amplifiers of preganglionic activity.
hypothesis is that summation between pairs of secondary nicotinic EPSPs can be sufficient to initiate action potentials (APs; Horn and Kullmann, 2007) .
Several lines of support for coincidence detection and the gain hypothesis come from the analysis of secondary synapses in bullfrog sympathetic ganglia. First, in vivo intracellular recordings have shown that naturally occurring secondary EPSPs sometimes summate to drive APs (Ivanoff and Smith, 1995) . Second, paired pulse stimulation in isolated ganglia has revealed that coincidence detection of secondary EPSPs can be effective in driving APs (Karila and Horn, 2000) . A third line of evidence comes from computational simulations of a conductance-based model and dynamic clamp experiments on dissociated bullfrog neurons Horn, 2006, 2010) . Both approaches show that when neurons are stimulated with noisy temporal patterns of EPSPs, to mimic activity in vivo, pairs of secondary EPSPs arising through convergence of nicotinic synapses can drive postganglionic firing and thereby amplify preganglionic activity by as much as three-fold.
In this paper, we turn attention to mammalian sympathetic ganglia, where the evidence for coincidence detection of nicotinic EPSPs remains less clear. In vivo intracellular recording from the rabbit SCG (Skok and Ivanov, 1983) and rat SCG (McLachlan et al., 1997 (McLachlan et al., , 1998 Habler et al., 1999) has shown that naturally occurring subthreshold nicotinic EPSPs may contribute to postganglionic
IntroductIon
Convergence is a cardinal feature of synaptic organization in sympathetic ganglia, with each neuron typically receiving preganglionic input from 2 to 15 nicotinic synapses (Purves et al., 1986; Wang et al., 1995) . The sparse nature of ganglionic convergence resembles that of glutamatergic driver inputs to first order thalamic relay nuclei (Turner and Salt, 1998; Chen and Regehr, 2000; Guillery and Sherman, 2002; Deschenes et al., 2003) . This suggests that summation between small numbers of excitatory postsynaptic potentials (EPSPs) may have similar physiological consequences in both circuits. In the present study, we assessed the ability of individual nicotinic synapses to drive activity in the rat superior cervical ganglion (SCG) at the rostral end of the paravertebral sympathetic chain. The results are discussed in terms of their implications for ganglionic integration and the analogy with thalamic relay function.
The impact of nicotinic synapses on paravertebral sympathetic neurons depends on their strength, which falls into two categories described as primary and secondary. All ganglion cells have one primary nicotinic synapse, where EPSP magnitude always exceed spike threshold, and a variable number (n) of secondary nicotinic synapses that are generally subthreshold in strength. Karila and Horn (2000) proposed that this n + 1 pattern of convergence can result in the amplification of preganglionic activity. When the gain of synaptic amplification is >1, postganglionic neurons fire faster than preganglionic neurons. A central tenet of the gain synaptic response, stimulus amplitude was decreased incrementally to ascertain the threshold level for synaptic activation and to isolate weak EPSPs.
All grouped data are expressed as the mean ± SE. Statistical comparisons were done using a one-way ANOVA followed by tests for multiple comparisons and P < 0.05 as the criterion for significance (Instat, Graphpad, San Diego, CA, USA).
results

IsolatIon of prImary and secondary epsps
Weak EPSPs arising from secondary synapses were isolated in 40 of 53 sympathetic neurons by applying minimal stimulation to the presynaptic CST. All recordings were done at 33-35°C to approximate conditions in vivo. Figure 1A illustrates an example in which graded stimuli of increasing amplitude recruited four inputs to a cell -two secondary synapses followed by the primary synapse and finally a third secondary synapse. Each input had a distinct stimulus threshold and latency. In this example, all of the synaptic inputs were recruited in concert with high threshold components of the postsynaptic extracellular CAPs, which were recorded simultaneously from the ICN and the ECN. Using the classification scheme of Li and Horn (2006) , this cell would therefore be identified as a high threshold rat SCG neuron and likely to be either vasomotor or pilomotor in function. Note also that synapse 4 ( Figure 1A) introduced a large depolarizing component into the spike afterhyperpolarization (AHP) and that this EPSP was strong enough to shunt the AP amplitude.
When evoked at frequencies below 0.5 Hz, secondary EPSP amplitudes fluctuated from trial to trial with occasional failures ( Figure 1B) . In this particular example, we inverted the stimulus polarity to give better isolation of the synapse labeled 2 in Figure 1A . This also caused an increase in the latency of the response. However, it also shows that the extracellular ICN and ECN recordings were very stable, which indicates the intracellular EPSP fluctuations were synaptic in origin and not due to changes in the efficacy of stimulation. In 34 neurons, secondary EPSPs were 3.5 ± 0.3 mV in amplitude (range 0.5-7 mV) and the resting potential (V rest ) was −58.6 ± 2.2 mV. Larger EPSPs often had undershoots (Figure 1B) , which indicates they activated a voltage-dependent K + conductance and/or a Ca 2+ -dependent K + conductance (Tokimasa et al., 1983; Kullmann et al., 2004) .
As in previous work (Skok and Ivanov, 1983; Hirst and McLachlan, 1984; McLachlan et al., 1998; Karila and Horn, 2000) , the disparity in strength between primary and secondary synapses was evident from the relative magnitudes of their associated EPSPs and the high safety factor for AP initiation by primary EPSPs. Injecting current to hyperpolarize the resting potential increased EPSP amplitude at primary and secondary synapses (Figure 2 ) and in some cases blocked AP generation by primary EPSPs (Figure 2B) .
In cells where the primary synapse had a higher stimulus threshold than secondary synapses (Figure 1) , the strength of the primary synapse was augmented by concomitant activation of secondary synapses. This effect leads to an overestimate of primary synaptic strength. However, in 13 cells where secondary synapses could not be isolated, we believe this was because the primary synapse had a lower presynaptic stimulus threshold firing. Although consistent with the gain hypothesis, an alternative interpretation has been advanced. In this view, secondary EPSPs are too weak to produce consistent coincidence detection and therefore do not make a significant contribution to the overall level of ganglionic firing (Maslov et al., 1996; McLachlan, 2003; Janig, 2006) . However, the methodology employed with in vivo recording did not allow for nerve stimulation and the direct evaluation of secondary synapses, but instead relied upon analysis of AP waveforms to distinguish spikes driven by primary EPSPs from those arising through summation of secondary EPSPs. The present experiments were done to further resolve this issue by examining the strength of secondary EPSPs evoked by minimal presynaptic stimulation of the isolated rat SCG. Our results identify conditions where pairs of secondary EPSPs can drive APs and they reveal the existence of previously unknown straddling secondary synapses that can drive firing at low rates without the need for summation.
materIals and methods preparatIon of ganglIa
The methods for intracellular and extracellular recording from the rat SCG were as previously described (Li and Horn, 2006) . Data in the present study were obtained from 32 male adult Sprague Dawley rats (180-250 g). In brief, animals were killed by CO 2 inhalation, following procedures approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh. Both SCGs were removed and the better specimen was desheathed and pinned out using the remaining connective tissue in a Sylgard-lined recording chamber (1.0 ml volume). For nerve stimulation and extracellular recording, suction electrodes were attached to the preganglionic cervical sympathetic trunk (CST) and the postganglionic external carotid nerve (ECN) and internal carotid nerve (ICN). After mounting the preparation and chamber on a fixed stage Zeiss WL microscope with 40× water immersion objective and Nomarski DIC, the ganglion was superfused with bicarbonate-buffered Ringer solution at a rate of 2 ml min −1 using a peristaltic pump. The preparation was maintained at 33-35°C using an inline heater (Warner Instruments, Hamden, CT, USA). Ringer solution contained (in mM): 124 NaCl, 4 KCl, 25.7 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.45 CaCl 2 , 1.2 MgSO 4 , 11 glucose, 0.15 ascorbic acid and equilibrated with carbogen gas.
electrophysIologIcal recordIngs and data analysIs
Intracellular recordings were made with glass microelectrodes filled with 3 M K acetate (80-120 MΩ) and an Axoclamp 2B conventional bridge amplifier with filtering set to 10 kHz (Molecular Devices, Sunnyvale, CA, USA). Extracellular compound APs (CAPs) were recorded from the ECN and ICN using AC coupled differential amplifiers (Grass P55, West Warwick, RI, USA). Intracellular and extracellular records were digitized at 10 kHz using a Digidata 1440A interface with pClamp 10.1 software (Molecular Devices) and a personal computer.
Only neurons with resting membrane potentials more negative than −45 mV and overshooting (>0 mV) APs were included in the analysis. The preganglionic CST was stimulated with brief voltage pulses (100 μs, 5-50 V). After recording the supramaximal (left) and secondary (right) EPSP amplitudes increased as the driving force on nicotinic currents was increased by injecting hyperpolarizing current through the recording electrode (noted at the left of each trace). This cell was typical of most recordings in that strong hyperpolarization was unable to block firing of an action potential by the primary EPSP. (B) Example of a neuron where the primary synaptic response was recruited with relatively low stimulus strength and obscured the ability to resolve secondary EPSPs with stronger stimuli. In this cell, hyperpolarization was able to block firing and revealed a 20-mV primary EPSP.
InteractIon between secondary synaptIc summatIon and short-term synaptIc plastIcIty
Previous studies have reported both facilitation and depression of nicotinic transmission in sympathetic ganglia using different preparations and stimulus paradigms (Larrabee and Bronk, 1947; McLachlan, 1975; Zengel et al., 1980; Birks and Isacoff, 1988; Karila and Horn, 2000; Lin et al., 2001) . To determine whether either form of short-term plasticity strongly influenced spike generation by secondary synapses, we began by classifying synapses using averages of paired pulse trials, with suprathreshold responses removed ( Figure 4A) . The trials employed intervals within the temporal window of suprathreshold summation (i.e., ≤20 ms) that were collected at 0.2 Hz. In 10 neurons with a depressing secondary synapse, the paired pulse ratio (P2/P1) of EPSP amplitudes was consistently <1 at all time intervals: 0.54 ± 0.06, 0.39 ± 0.1, and 0.55 ± 0.2 (±SE) for interstimulus intervals of 20, 15, and 10 ms. In nine other neurons with a facilitating secondary synapse, the P2/P1 values were 1.70 ± 0.3, 1.87 ± 0.3, and 2.10 ± 0.5 at the same three intervals. Secondary synapses in the remaining group of 10 neurons gave inconsistent responses and were termed borderline. Four borderline neurons had P2/P1 values close to 1, while the remaining six borderline neurons fluctuated between depressing and facilitating responses at different intervals. The average P2/P1 ratios for all 10 borderline cells were 0.83 ± 0.2, 0.83 ± 0.1, and 1.0 ± 0.2 ms at 20, 15, and 10 ms. Examples of individual 20 ms paired pulse responses for each of the three behaviors are shown in Figure 4Ai , together with the corresponding averaged traces (Figure 4Aii) . The paired than secondary synapses. Such cells afforded the opportunity to study primary synapses in isolation. Although hyperpolarizing the resting potential blocked spike initiation in the example shown in Figure 2B , this was often not the case in cells where graded stimulation recruited the primary synapse before secondary synapses. The observations of relative EPSP amplitudes support the idea that primary and secondary synapses differ greatly in strength due to a large disparity in their underlying synaptic currents.
the homosynaptIc wIndow of summatIon between paIrs of weak secondary epsps When pairs of secondary EPSPs were evoked at intervals between 10 and 20 ms they were sufficient to drive APs in 15 of 29 neurons tested. Figure 3A illustrates a cell in which suprathreshold summation occurred at 10, 15, and 20 ms, but not 30 ms. One can also see from the repeated trials in these records that paired pulse stimulation became more effective in generating spikes at shorter intervals. At the 10 ms interval, over half the trials led to postsynaptic firing. Although the response profiles of individual cells varied (Figure 3B) , the proportion of suprathreshold responses was consistently higher at the shorter interpulse intervals and fell to 0 at 30 ms. Analysis of the averaged data showed the proportion of suprathreshold summation was significantly higher at the 10 ms interval than at 15 or 20 ms. These data indicate the window of summation for spike generation by pairs of secondary EPSPs is between 10 and 20 ms. Although the efficacy of paired pulse stimulation varied it was greatest at the briefest interval (10 ms). **P < 0.01, ***P < 0.001.
high and difficult to block even with large hyperpolarizing current injections. Figure 5A illustrates a particularly robust example of straddling behavior in which the second EPSP in the pair began to fall below spike threshold when delivered at a 350-ms interval, well after the spike afterpotential of the first response had recovered. The second response become progressively weaker at shorter intervals and became totally subthreshold at a 100 ms interval. In five other cases (Figure 5Bi) , similar straddling behavior was evident, but at shorter intervals between 30 and 100 ms. When averaged, these data (Figure 5Bii) showed that straddling synapses were largely subthreshold in strength at stimulus intervals less than 200 ms. Unlike primary synapses, the strength of these synapses straddled threshold depending upon the recent history of previous activity. The average amplitude of the straddling EPSPs was 3.4 ± 2.2 mV (n = 6) and V rest in these cells was −59.3 ± 2.7 mV. In cells with straddling synapses, we also observed that large primary synaptic responses were recruited at higher stimulus strengths. Unlike straddling EPSPs, the primary synaptic responses always elicited APs during repetitive stimulation at rates where straddling inputs failed to remain suprathreshold.
double spIke responses
In three cells, we observed that a single presynaptic stimulus elicited a large EPSP and a doublet of APs in which the second spike was sometimes smaller than the first and could be eliminated by paired pulse pulse data were not corrected for effects of non-linear summation because secondary EPSP amplitudes were small in comparison to the driving force on synaptic currents (McLachlan, 1975) .
There was no significant difference (P > 0.13, ANOVA) in the average EPSP amplitude at depressing (3.49 ± 0.68 mV), facilitating (2.54 ± 0.36 mV), and borderline (4.27 ± 0.60 mV) secondary synapses (Figure 4Bi) . Similar proportions of synapses belonging to all three groups were effective in producing suprathreshold summation and within each group there was no difference in EPSP amplitudes at synapses that yielded suprathreshold summation, when compared to those that did not (Figure 4Bii) . It therefore appears that the expression of facilitation is not essential for coincidence detection by sympathetic neurons and that expression of depression does not eliminate coincidence detection.
straddlIng Inputs are a novel form of secondary synapses
In six other neurons, we found nicotinic synapses whose strength straddled threshold. At slow rates of stimulation, typically <1 Hz, these synapses reliably generated suprathreshold EPSPs. However, in response to paired stimuli at intervals between 30 and 300 ms, the second EPSP fluctuated around threshold during repeated trials. As the intervals between pulse pairs was shortened the second straddling response eventually failed completely to elicit spikes. This behavior is quite different than that seen with primary synapses where the safety factor for triggering a postsynaptic AP was very (Figures 1 and 2) . Paired pulse stimulation of secondary synapses was capable of generating APs in half of the cells tested at intervals of 10-20 ms (Figure 3) . The efficacy of paired pulse stimulation was greater at shorter paired pulse intervals. Although secondary synapses appeared heterogeneous in terms of their short-term plasticity, there was no correlation between the expression of depression or facilitation and the ability of paired pulse stimulation to drive postsynaptic APs (Figure 4) . Together these observations, which were made at physiological temperature in acutely isolated ganglion preparations, stimulation (Figure 6) . Given the rarity of these responses we were unable to determine whether double spike responses resulted from the convergence of two primary nicotinic synapses or from the summation of a primary synapse and multiple secondary EPSPs. Similar responses have been reported in vivo (McLachlan et al., 1998) .
dIscussIon
In this study, weak secondary nicotinic synapses were evident in three quarters (40/53) of sympathetic neurons in the rat SCG when tested with graded presynaptic stimulation of the CST Note that at in all cases the first response was always suprathreshold in strength. By contrast the second response in the pair straddled threshold, even at an interval of 350 ms, which was after full recovery of the first spike AHP. At shorter intervals where the second EPSP was evoked during the AHP, it became much less effective in driving spikes. (B) The efficacy of six straddling synapses, plotted for each cell (Bi) and as the average (Bii), shows that they become substantially subthreshold in strength at paired pulse intervals <200 ms. In response to paired pulse stimulation of the same cell at a 200-ms interval, the second spike failed. Ten superimposed trials showed that the double firing was robust after the first stimulus, but was completely absent after the second stimulus. Reducing the paired pulse interval to 10 ms obliterated the double spike response.
suggest that coincidence detection of weak nicotinic EPSPs can contribute to the postsynaptic spike output of mammalian sympathetic neurons.
Is coIncIdence detectIon of secondary nIcotInIc epsps suffIcIent to generate synaptIc gaIn?
Our results are consistent with in vivo intracellular evidence that weak nicotinic synapses can drive firing in sympathetic neurons (Skok and Ivanov, 1983; McLachlan et al., 1997 McLachlan et al., , 1998 Bratton et al., 2010) . However, the larger and more difficult question is whether such firing contributes in a major way to ganglionic output under physiological conditions. One way to examine the problem in quantitative terms uses the coincidence detection theory (Karila and Horn, 2000) . Based on the observation that time intervals between naturally occurring synaptic events in sympathetic neurons appear to be exponentially distributed (McLachlan et al., 1998) , it becomes possible to calculate the probability of coincidences between EPSPS, if one knows the average rate of activity. One can then estimate how many coincidences contribute to postsynaptic firing by knowing the temporal window required for suprathreshold summation of weak EPSPs. Our present results indicate the window of summation in rat SCG neurons is 10-20 ms.
The overall average rate of synaptic activity in rat SCG neurons depends upon the number of preganglionic neurons that converge on each cell and their average rate of firing at each synapse. Earlier measurements of synaptic convergence suggested that each cell receives one primary synapse and around nine secondary inputs (Purves et al., 1986) , which is considerably higher than in our experiments. If one makes a much more conservative estimate that the number of secondary synapses was around 3 and that presynaptic firing rates are on the order of 1-3 Hz, then Karila and Horn's theory predicts the synaptic gain will be on the order of 1.2-1.6 for a 20-ms window of summation (see Figure 9 in Karila and Horn, 2000) . In other words, up to a third or more of postganglionic activity may arise from secondary EPSPs and this contribution will vary with the overall level of sympathetic tone. This is especially interesting given recent in vivo evidence that secondary nicotinic synapses may drive as much as two-thirds of postganglionic activity in lumbar sympathetic ganglia of the rat (Bratton et al., 2010) .
Although the levels of synaptic convergence detected in our experiments were not as high as previously reported (Purves et al., 1986) , we cannot claim to disagree with the earlier work. The focus of the work by Purves et al. (1986) was to count systematically the numbers of inputs to cells, while our goal was to isolate individual weak synapses and test their ability to drive firing.
Two considerations argue that our approach underestimates ganglionic synaptic gain. The first problem arises from microelectrode damage and the second from blunted autonomic activity in anesthetized animals. Recent preliminary experiments using whole cell patch electrode recordings from the SCG suggest that the window of summation may actually be 5-10 times greater than estimated with microelectrodes (Rimmer et al., 2009) . The most informative estimates of in vivo preganglionic activity have come from intracellular recordings in anesthetized animals (Skok and Ivanov, 1983; Ivanoff and Smith, 1995; McLachlan et al., 1997 McLachlan et al., , 1998 Bratton et al., 2010) and from extracellular single unit recordings from postganglionic nerves in awake human subjects (Macefield et al., 1994 (Macefield et al., , 1999 (Macefield et al., , 2002 . Although these approaches provide insight into basal activity, it remains less clear how individual preganglionic and postganglionic neurons fire during intense aerobic exercise and other conditions where one might imagine that ganglionic amplification could prove most significant. Nonetheless, studies of total postganglionic sympathetic activity indicate that huge increases occur during strenuous exercise in humans (Fadel, 2008; Ichinose et al., 2008; Joyner et al., 2008) . a handful of synapses can be very InfluentIal -lessons from the thalamus Although the thalamic relay nuclei were originally seen simply as relays, subsequent analysis has revealed they do much more in processing and directing activity to and from the cerebral cortex straddling synapses on vasoconstrictor neurons in lumbar paravertebral sympathetic ganglia of the rat (Bratton et al., 2010) . This study, which employed intracellular in vivo recordings suggests that as many as two-thirds of postganglionic APs in lumbar vasoconstrictors may be driven by straddling synapses and that the strength of nicotinic synapses may lie on a continuum, rather than fall into the dichotomy suggested by analysis of primary and secondary synapses in bullfrog sympathetic ganglia. It remains for future studies to resolve these issues by determining the precise strengths of nicotinic synapses in mammalian sympathetic ganglia from different segmental levels and from subsets of sympathetic neurons that control different peripheral target types.
ImplIcatIons for autonomIc transmIssIon and modulatIon
We have shown here that weak secondary EPSPs have the ability to drive postsynaptic firing in the rat SCG. The data provide further evidence that autonomic ganglia have the potential to amplify and modulate presynaptic activity. Weak secondary EPSPs and straddling secondary EPSPs each possess the latent ability to influence synaptic gain and to serve as the substrate for numerous forms of modulation through G protein coupled receptors that regulate presynaptic acetylcholine release and postsynaptic excitability.
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This work was supported by NIH grant NS21065. and between cortical areas (Sherman, 2007) . One very important lesson from this work is that the size of a neuronal projection can belie its physiological significance. Indeed, Sherman and colleagues point out that while many have inferred the importance of neuronal projections from their magnitudes, this need not be the case (Sherman and Guillery, 1996, 2002; Sherman, 2007) . The most important input to the lateral geniculate nucleus (LGN) comes from retinal ganglion cells and defines this circuit's function. Yet these so-called "driver" connections constitute only a small minority of synapses (<5%) on geniculate neurons, with the remainder serving to modulate and shape the retinogeniculate stream of information. Other studies show that the number of glutamatergic synaptic connections between retinal ganglion cells and individual LGN cells is sparse and probably quite similar to the number and strength of nicotinic synapses on sympathetic neurons (Turner and Salt, 1998; Chen and Regehr, 2000; Deschenes et al., 2003) . Although few in number nicotinic synapses may therefore play a key role in enabling autonomic ganglia to function as more than simple motor relays.
straddlIng synapses raIse new questIons
The presence of straddling nicotinic synapses in the SCG (Figure 5 ) suggests that coincidence detection may not fully explain how secondary synapses contribute to ganglionic gain. Such a possibility seems even more likely in view of the very recent report of
